Abstract The anulus fibrosus (AF) of the intervertebral disc consists of concentric sheets of collagenous matrix that is synthesised during embryogenesis by aligned disc cells. This highly organised structure may be severely disrupted during disc degeneration and/or herniation. Cell scaffolds that incorporate topographical cues as contact guidance have been used successfully to promote the healing of injured tendons. Therefore, we have investigated the effects of topography on disc cell growth. We show that disc cells from the AF and nucleus pulposus (NP) behaved differently in monolayer culture on micro-grooved membranes of polycaprolactone (PCL). Both cell types aligned to and migrated along the membrane's micro-grooves and ridges, but AF cells were smaller (or less spread), more bipolar and better aligned to the micro-grooves than NP cells. In addition, AF cells were markedly more immunopositive for type I collagen, but less immunopositive for chondroitin-6-sulphated proteoglycans than NP cells. There was no evidence of extracellular matrix (ECM) deposition. Disc cells cultured on nongrooved PCL did not show any preferential alignment at sub-confluence and did not differ in their pattern of immunopositivity to those on grooved PCL. We conclude that substratum topography is effective in aligning disc cell growth and may be useful in tissue engineering for the AF. However, there is a need to optimise cell sources and/or environmental conditions (e.g. mechanical influences) to promote the synthesis of an aligned ECM.
Introduction
The mature human intervertebral disc (IVD) is a complex connective tissue comprised of a fibrous outer layer termed the anulus fibrosus (AF) and a gelatinous core termed the nucleus pulposus (NP). Each of these regions consist of an extracellular matrix (ECM) in which disc cells are sparsely embedded. During embryogenesis, the AF is formed when mesenchymal cells at the periphery of the developing disc become orientated in concentric sheets and subsequently synthesise similarly aligned sheets of collagenous ECM (predominantly type I collagen) (Fig. 1a) [10, 18] . The NP forms from segmented notochordal tissue that is gradually replaced postnatally by a highly hydrated ECM rich in type II collagen and proteoglycans [2] . The fibrous nature of the AF permits bending and flexion of the spine, but also plays an important role in containing the less rigid NP, which functions mainly to absorb and transmit compressive loads [22] .
Damage to the AF can occur during IVD degeneration (as radial fissures) and/or disc herniation, when inner areas of the disc may rupture the outer anular lamellae [1, 17] . Although there has been considerable interest in restoring or replacing the NP of degenerated IVDs [3, 8] , for at least some patients there will be a likely need to encapsulate any such repair tissue within an outer structure, such as the healthy AF. Herniated disc tissues, including the AF, often are surgically removed as they may impinge on adjacent neural processes to cause disability and pain [14] . However, no remedial disc reconstruction is performed during these surgical procedures and recurrent disc prolapse is seen in 10-20% of all patients treated, most commonly at the original site of injury, i.e. where the anular structure has been disrupted [7, 16] . Thus, there are important clinical needs for treatments that repair, regenerate or replace the AF of the human IVD. An important property of any repair or replacement tissue is that it should mimic the orientated morphology of the native anulus tissue, as this would lead to better integration and increased mechanical strength. Such tissue orientation may be achieved by adopting techniques that promote the alignment of cells that synthesise the repair/replacement tissue.
Grooved substrata have been used to promote the alignment of cell-synthesised repair tissue in damaged tendons, which, like the AF, consist of a highly aligned collagenous ECM. In these previous studies [23] , rat flexor tendons were transected and cultured as explants over grooved substratum. Subsequently, epitenon fibroblasts migrated from the cut ends of the tendons, aligned along the grooved substratum between the two cut ends, and deposited similarly aligned bundles of collagen fibrils that formed a fusion of the cut ends. More recently, this type of contact guidance has been shown to promote in vivo tendon repair [5] . To determine if such topographical cues may be used to direct the growth of IVD cells, with a view to developing tissue repair or replacement strategies for the AF, we have investigated the behaviour of disc cells cultured on micro-grooved membranes of the bioresorbable material, polycaprolactone (PCL). Polycaprolactone is an USA Federal Drug Agency-approved material that has been utilised previously in tissue engineering studies, where it has been shown to be biocompatible, biodegradable and supportive of cell attachment and proliferation [20] . In addition, PCL constructs have been applied in vivo in animal studies to augment tissue repair processes for damaged tendons and ligaments, both of which constitute a highly organised and orientated ECM [12, 19] .
Materials and methods

Cell culture
Disc cells were obtained from the separated AF and NP of mature bovine coccygeal IVDs (n = 5 cows) by 2 . The micro-grooves of the membranes were 4 l in depth with a 12.5 l pitch (Fig. 1b) . AF and NP cells were cultured also on non-grooved PCL membranes as a control for the effects of substratum topography. Disc cell-PCL cultures were fed every 3-4 days with fresh medium. Cell viability was determined by staining cultures with fluorescein diacetate (Sigma) and propidium iodide (Sigma) to give a live/dead score, as described previously [9] . At days 7, 14 and 28 post-cell seeding, cultures were harvested by fixation with methanol, glutaraldehyde or formalin prior to histochemical staining, scanning electron microscopy or immunolabelling, respectively.
Immunohistochemistry/histochemistry
Formalin-fixed samples of cell-seeded PCL were immunolabelled for collagen types I, II and III, and for different glycosaminoglycan side-chains of proteoglycans, using antibodies and methods described previously [11] . In brief, the samples were incubated with primary antisera, followed by visualisation of immunoreactivity with a commercial kit (Vectastain Elite ABC, Vector Labs, Peterborough, UK) and 3,3¢-diaminobenzidine as chromogen (DAB, Sigma). The extent to which cells were immunolabelled was semiquantitatively assessed. Immunolabelling of parallel samples with an irrelevant primary control antibody (Dako Ltd., Cambridge, UK) was negative. The filamentous-actin (F-actin) cytoskeleton was visualised using fluorescein-labelled phalloidin (Cambridge Bioscience, Cambridge, UK). Cell morphology was revealed with Jenner/Giemsa staining. Immunolabelling, F-actin labelling and histological staining was viewed using conventional and fluorescent microscopy.
Scanning electron microscopy
Disc cells cultured on PCL were fixed in glutaraldehyde, which was gradually replaced by 0.1 M sodium cacodylate. The harvested cultures were immersed in osmium tetroxide, serially dehydrated in ethanol and subjected to critical point drying in liquid CO 2 prior to mounting and gold-coating (1 min, 25 mA). Imaging of the disc cell-PCL membranes was performed using a Hitachi S-4500 field emission scanning electron microscope (Hitachi-High Technologies, Finchampstead, UK).
Cell morphometry
A minimum of 10 images of Jenner/Giemsa stained disc cells on PCL were captured in areas of sub-confluence using a 20 · objective and a digital camera (Nikon CoolPix 950, Nikon UK, Kingston, UK). Image analysis was performed using Scion Image Version Beta 4.0.2 (Scion Corporation, Frederick, MD, USA) to determine; (a) cell area, where the edge of individual cells was clearly determined; (b) the cell length (taking a transect through the centre of the nucleus); (c) the cell width (taking a transect through the centre of the nucleus); (d) the angle formed between the longitudinal axis of the nucleus and that of the PCL micro-grooves (nucleus/PCL angle). The ratio of the cell length to cell width (L/W ratio) was taken as an indication of the extent to which cells were polarised, i.e. how rounded or elongated they were. The acute angle formed between the longitudinal axes of the nucleus with the direction of the micro-grooves was taken to indicate cell alignment to the substrate [6] . Cell populations that are unaffected by the substrate will tend towards a mean nucleus/PCL angle of 45°, whilst populations that do align either with or against the substrate will tend towards angles of 0°or 90°, respectively. All measurements were performed for at least 50 cells from each of the AF and NP cell cultures. These measurements were averaged and the differences between AF and NP or grooved and non-grooved groups were determined using the Mann-Whitney U test, where P values of < 0.05 were considered significant.
Gene expression
Gene expression of type a1 (I) collagen, type a1 (II) collagen and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), using primer sequences and methods previously described [13] , was determined for AF and NP cells cultured on PCL membranes at 28 days by a reverse transcriptase polymerase chain reaction (RT-PCR). Total RNA was isolated using Qiagen RNeasy (Qiagen Ltd., Crawley, UK) and cDNA synthesised from the RNA with oligo (dT) primers and Qiagen reverse transcriptase (Qiagen Ltd.). RT-PCR products were separated by electrophoresis in 2% agarose gels (Biomarker Low, Cambio Ltd., Cambridge, UK), along with control products for each gene, and stained with ethidium bromide. Message for GAPDH was used to ascertain that an equivalent amount of cDNA was synthesised from each sample.
Results
Disc cell growth and morphology AF and NP cells adhered to the micro-grooved PCL membranes, extended pseudopodia and lamellipodia onto the membranes (as revealed by SEM) and gradually flattened and elongated in the direction of the micro-grooves (Fig. 2a-d ). There were no differences in the proportions of AF or NP cells present in the micro-grooves or on the ridges of the PCL membranes by day 7 (and thereafter), although both cell types appeared to preferentially settle and adhere in the membrane's micro-grooves. Following Jenner/Giemsa staining (Fig. 2e, f) and cell morphometric analysis ( Fig. 2j-m) , it was apparent that AF cells were significantly smaller (or less spread), more bipolar (i.e. had a greater L/W ratio), and better aligned (i.e. had a lower nucleus/PCL angle) to the direction of the microgrooves or ridges of the PCL membranes than were NP cells, at least at sub-confluence (such analysis was not possible in areas of confluence). The greater L/W ratio of AF cells in comparison to NP cells was due to AF cells being less wide rather than longer (Fig. 2l) . However, for both cell types the L/W ratio was markedly greater than 1, indicating some cell polarity. F-actin stress fibres were present in AF and NP cells, and, in general, these fibres also aligned to the microgrooves and ridges, i.e. following the morphology of the cells (Fig. 2g, h ). At sub-confluence, AF and NP cells cultured on non-grooved PCL membranes (see Fig. 2i ) had nucleus/PCL angles (where a horizontal line through each captured image was randomly assigned as the PCL ''direction'') of 44.2 ± 1.3 and 44 ± 1.2, respectively. These values were markedly and significantly greater (P < 0.05) than those of AF and NP cells on micro-grooved PCL (Fig. 2m) . In nongrooved membrane cultures at full confluence, the AF and NP cells tended to align with each other in swirls.
By days 14 and 28, AF and NP cells cultured on micro-grooved PCL had reached confluency in many areas to form directed cellular sheets (see Fig. 2c, d) , suggesting that both cell types were proliferating and/ or migrating on the membranes. This was confirmed using time-lapse video microscopy, with a series of 4-10 h videos collected over the first 14 days of culture (Fig. 3a-f) . Of those cells that were migrating (within the time-frame of each video), 85 ± 4% of AF cells and 88 ± 5% of NP cells moved in the same direction as the microgrooves/ridges. Cell proliferation was also apparent as occasional mitotic figures were observed in Jenner/Giemsa stained cultures (Fig. 3g, h ). There was no obvious loss of cells from the substratum into the culture medium and at days 7, 14 and 28 more than 95% of adherent AF and NP cells were viable.
Expression of disc matrix molecules AF and NP cells were differentially immunoreactive for disc matrix molecules, particularly for type I collagen and chondroitin-6-sulphated proteoglycans (Fig. 4a) . AF cells were strongly immunoreactive for type I collagen, keratan-sulphated proteoglycan (KS PG) and chondroitin-4-sulphated proteoglycan (C-4-S PG), but weakly immunoreactive for chondroitin-6-sulphated proteoglycan (C-6-S PG). Conversely, NP cells were weakly immunoreactive for type I collagen, appeared similarly immunoreactive to AF cells for KS PG and C-4-S PG, but were more strongly immunoreactive for C-6-S PG. NP cells were weakly immunopositive or negative for type II collagen, whilst AF cells were negative, and both were weakly immunoreactive or negative for type III collagen. The expression of type I collagen by AF and NP cells at day 28 was confirmed by RT-PCR (Fig. 4b) ; whilst type II collagen expression was not detected in either cell type. The overall pattern of immunoreactivity (Fig. 4c) was consistent in that it was seen in the majority of AF and NP cells at days 7, 14 and 28. There were no marked differences in immunoreactivity seen between disc cells cultured on micro-grooved and non-grooved PCL (see e.g. C-4-S PG immunolocalisation in Fig. 4a ). There was no evidence of ECM deposition onto the PCL membranes by either cell type at any time point.
Discussion
We have investigated the use of topography to direct the growth of IVD cells. Passage II cells, originally isolated from the AF or NP of bovine discs, were cultured for extended periods on micro-grooved membranes of bioresorbable PCL. The disc cells adhered to the membranes, became fibroblast-like in morphology, proliferated and migrated to reach confluence. Both cell types aligned and migrated with the membrane topography, but AF cells were smaller (or less spread), more bipolar and better aligned to the micro-grooves than NP cells. There were also differences in the matrix components that the two cell types expressed, with AF cells more strongly immunoreactive for type I collagen, which is normally found in the outer anulus, whilst NP cells were more strongly immunoreactive for chondroitin-6-sulphated proteoglycan. The different patterns of AF and NP cell growth and matrix molecule immunoreactivity potentially reflect a restricted phenotypic capacity of these cells. This has important implications for the use of disc cell populations in tissue engineering strategies to repair or regenerate the damaged AF and may suggest that AF cells may be better suited for AF repair than NP cells. However, the phenotype of many cartilaginous cells depends on how they are cultured. For example, when grown for extended periods in monolayer culture, articular chondrocytes cease synthesising type II collagen (which they do in vivo) and instead synthesise type I collagen [15, 21] . This change in cell behaviour is associated with the development of a fibroblast-like morphology and formation of a prominent F-actin cytoskeleton (with stress fibres), but it can be reversed by culturing the cells in 3D gels [4] . F-actin stress fibres were seen in both AF and NP cells cultured on the micro-grooved PCL. Furthermore, although the NP cells were less immunopositive for type I collagen than AF cells, they appeared to express similar levels of type I collagen mRNA (using semi-quantitative RT-PCR), which freshly isolated NP cells do not. Clearly, the phenotype of the NP cells was altered during monolayer and it may be that longer periods in monolayer culture (beyond passage II) might increase their capacity to respond to topographical cues or synthesise those matrix molecules (e.g. type I collagen) that are present in the AF.
It has been suggested that the presence of F-actin stress fibres in concentrically aligned cells in the developing AF may have a role to play in the appropriate orientation and deposition of collagen during the formation of the anular lamellae [10] . Despite the presence of aligned stress fibres in both AF and NP cells cultured on the micro-grooved PCL, there was no evidence of matrix deposition at any time. This represents a major limitation of this study in terms of generating an aligned ECM. It may be that 4 weeks in culture was not long enough for substantial matrix synthesis or that cell-synthesised matrix components were lost into the culture medium and not deposited onto the PCL substratum. It is well known that culturing chondrocytic cells in 3D constructs, such as gellike materials, may stimulate cell differentiation and the synthesis and formation of ECM [4] . Therefore, the development of materials or constructs that align disc cells, but also maintains them in 3D, may prove more efficacious in the generation of an aligned ECM. Alternatively, coating the PCL membranes with other biocompatible materials or stimulatory molecules, or application of an appropriate mechanical stimulation, e.g. tensile and/or shear stress, may also increase the synthesis and deposition of appropriate ECM molecules.
Conclusions
The IVD represents a considerable challenge for workers in connective tissue repair/engineering, not least because of its heterogeneity and complex organisation. Cell scaffolds incorporating topographical guidance have been successful in augmenting healing processes in tendons, which, like the AF, consists of an aligned collagenous matrix. Here, we show that bovine disc cells cultured in monolayer became aligned to a grooved membrane of PCL. However, we show also that cells from the AF and NP differentially responded to these topographical cues and expressed different matrix molecules in vitro. Therefore, in terms of the development of strategies to repair or replace the injured AF, topography may prove useful in guiding disc cell growth, but additional influences, and possibly cell selection, may be required to stimulate the deposition of an orientated tissue of appropriate composition. , and chondroitin-6-sulphated-(C-6-S PG) proteoglycan molecules in AF cells (left panels) and NP cells (right panels). There was no apparent difference seen in this immunoreactivity between cells cultured on micro-grooved or non-grooved control PCL (e.g. bottom 2 panels). The intracellular immunolocalisation of type I collagen suggests that the pro-collagen form was detected. The C-6-S PG immunoreactivity shown is for monoclonal antibody, 3B3, after chondroitinase ABC pre-treatment. b Total RNA extracted from AF and NP cells cultured on PCL for 28 days was used in RT-PCR reactions for type I collagen. As shown, type I collagen expression was detected in AF and NP samples obtained from three independent bovine sources (i.e. from the AF and NP cells of three cows: C1, C2, C3). RNA extracted from freshly isolated bovine dermal fibroblasts was used as positive control, whilst GAPDH acted as a control for loading. c The immunoreactivity of each matrix component was determined semi-quantitatively, as follows: +++ = cells were strongly immunoreactive; ++ = many cells were strongly immunoreactive, but some were weakly immunoreactive; + = most cells were weakly immunoreactive; +/-= no cells were strongly immunoreactive, many cells were weakly immunoreactive or not immunoreactive; -= no cells were immunoreactive. (The monoclonal antibodies used for each matrix molecule are indicated)
